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Located in the subtropical central-eastern Bahamas, San Salvador Island is impacted by
both synoptic-scale weather systems as well as local features and the North Atlantic Subtropical
High. This study explores rainfall variability via one year of daily rain gauge observations in
relation to daily weather patterns identified from 18 UTC surface analyses. Satellite-derived
rainfall estimates are then compared to gauge observations to look at days when gauge data was
missing. Though non-synoptic classifications comprised 61.1% of the days and synoptic
classifications comprised 38.9% of the days, more rainfall was produced by synoptic days.
Unlike other studies done on San Salvador, this study uses multiple observations—in situ,
surface analyses, and satellite—to further our understanding of San Salvador’s rainfall. This
study also establishes methods to explore synoptic and non-synoptic impacts on the island’s
rainfall using additional years as more rain gauge data become available.
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CHAPTER I
INTRODUCTION
The Bahamas are dominated by both tropical and temperate weather patterns, which
creates a subtropical climate for the island chain. For example, The Bahamas receives both
tropical convective rainfall, similar to lower-latitude islands, as well as synoptically-driven
rainfall similar to the United States. This combination is attributed to the relatively higher
latitude locations of these islands compared to islands in the Caribbean. The Bahamas receive
their rainfall through convective, tropical, and mid-latitudinal patterns. Mid-latitude sources of
precipitation include a variety of synoptic features that generally move eastward from the United
States, such as surface fronts and troughs, as well as the jet stream which contributes to air mass
movement. One Bahamian island that has drawn scientists’ attention over the past several
decades is San Salvador Island. San Salvador is an 11 mi by 7 mi (18 km by 11 km) land mass
located near the center of the Bahamian island chain with a population of no more than 2,000
people. Its topography is different compared to other islands, which plays a factor in its annual
precipitation as well as how the island gets its rainfall.
The Bahamas are stereotyped as having a dry season from December to March, a rainy
season from April to June, a dry spell from July through late August, and a second rainy season
from late August through November (Crump and Gamble 2004; Sealey 2006; Curtis and Gamble
2007; Gamble and Curtis 2008; Gamble 2010; Stephenson et al. 2014; Martinez et al. 2019). The
Bahamas also exhibit a bimodal distribution of rainfall, but not all islands receive equal annual
1

rainfall amounts. For example, the Northeastern Bahamian islands receive an annual average
precipitation of 1400 mm (55 inches) compared to 870 mm (34 inches) farther southeast (Jury et
al. 2007). More precipitation falls in areas of The Bahamas that are closer to the continental
United States than areas closer to Hispaniola and Puerto Rico (Sealey 2006). If spatial variability
of precipitation in The Bahamas can be observed in annual rainfall amounts, it is possible that
not all islands exhibit the bimodal climate pattern described earlier. However, daily rainfall
accumulation data are needed to investigate this possibility, and few islands provide reliable,
consistent measurements over longer periods of time.
This study assesses the spatial variability of precipitation across San Salvador during 1
January - 31 December 2018 using daily rainfall observations from the Community
Collaborative Rain Hail and Snow Network (CoCoRaHS). These values are compared with
satellite-based estimates from the Global Precipitation Measurement (GPM) satellite’s Integrated
Multi-satellitE Retrievals for GPM (IMERG). By exploring CoCoRaHS stations across the
island, it is possible to investigate which factors affect not only overall rainfall amounts but also
spatial rainfall distribution. It is hypothesized that because San Salvador is a small, flat and
remote island, it lacks orographic lift, thus lacking convection and relying on tropical and
temperate weather patterns for its annual precipitation. This research has three main goals: 1) to
quantify rainfall between individual CoCoRaHS stations across the island and between
CoCoRaHS stations and IMERG estimates spatially and temporally; 2) to use these
measurements to explore San Salvador’s 2018 annual precipitation pattern; and 3) to begin
exploring whether San Salvador itself provides sufficient forcing to trigger local convective
development or if the island’s rainfall depends on larger-scale weather systems. Though this
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project is limited to one year, it establishes the methods needed and provides initial conclusions
that can be further investigated with additional years of data.
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CHAPTER II
BACKGROUND
2.1

Description of Study
The geography and climatology of The Bahamas differ from islands surrounding the

Caribbean Sea. It is best to evaluate island precipitation within the context of factors such as the
types of weather systems that impact precipitation and the teleconnections that affect those
systems. This section provides an overview of the geographical and geological background of
The Bahamas and San Salvador, the climatology of the region, weather systems that impact San
Salvador including Atlantic tropical cyclones, and atmospheric teleconnections, and it concludes
by describing how rainfall is measured by CoCoRaHS and satellites.
2.1.1

Geographical Landscapes and Climatology of The Bahamas
The Bahamas, a part of the West Indies island chain, formed off of the North American

plate compared to Caribbean islands which formed on volcanic hotspots and subduction zones.
Located between 20.5-27°N, 79-72.5°W and spanning approximately 1204 km from northwest to
southeast, this chain of islands is the closest island country to the United States. Given the
islands’ low elevation, The Bahamas are vulnerable to sea level fluctuations, which have
occurred throughout its geological history. During a glacial period, sea levels decrease as more
water becomes trapped in ice, and banks—the region of light blue, or shallow, water around
coastlines—become exposed. These banks are made up of several different materials such as
calcium carbonate, coral reefs, and grapestone which consists of sand and grains cemented
4

together to form a hardened clump (Sealey 2006). The biggest bank in the Bahamas is the Great
Bahamian Bank which begins around the Bimini islands, around the Tongue of the Ocean, up
towards Exuma Island and Nassau (Figure 2.1). An interglacial period will have higher sea levels
as ice melts due to higher temperatures. This fluctuation of sea level modifies the landscape by
either eroding away rocks and sand dunes, forming caves, or exposing coral reefs, causing them
to fossilize (Sealey 2006).
The Bahamas are stereotyped to be in a tropical climate: warm and humid year round,
afternoon thunderstorms during the summer, and threatened by hurricanes. However, The
Bahamas are in a sub-tropical zone, experiencing both temperate and tropical conditions (Sealey
2006). The islands are affected by the trade winds during the majority of the year and influenced
by the Gulf Stream as well as continental air masses from North America, maritime air masses
from the mid-Atlantic, and tropical air masses from low latitudes (Sealey 2006). Surface heating
generates convective thunderstorms over the islands. It is inferred northern Bahamian islands
generate more heat than the smaller islands in the south and east due to greater surface areas as
well as a greater number of banks. Banks around the north and western half of the island chain
tend to assist in conventional rainfall over the islands. Because the banks are shallow, it responds
to solar heating quicker and enhances the production of rainfall over those islands (Sealey 2006).
2.1.2

Geographical Landscapes and Climatology of San Salvador Island
San Salvador is a low-lying, relatively flat island with its highest elevations being

between 30-50 meters (approximately 100 feet) above sea level. On some islands, such as
Jamaica, rainfall is often enhanced through orographic uplift from elevated terrain. Surface water
catchments on these islands are used to gather freshwater from rainfall in order to limit their
groundwater use. However, San Salvador’s elevation is related to calcium carbonate dunes
5

instead of hotspot formations, therefore lacking the necessary elevation to generate orographic
lift and localized convective development. Residents on San Salvador obtain their water
primarily through pumping, filtering, and storing groundwater from freshwater lenses. A lens is a
combination of three layers: freshwater as the top layer, saltwater as the bottom layer, and
brackish water, or a mixture of salt and freshwater, as the middle layer (Sealey 2006). The water
table distribution across the island is pinched near the coastlines into small pockets of stored
freshwater. Each aquifer “pocket” does not supply a large amount of freshwater, making it fairly
easy for an aquifer to be overused. If rainfall does not replace what is pumped from a freshwater
lens, the lens will eventually bring up brackish or salt water and will no longer be a functional
source of freshwater.
San Salvador is characterized by warm and humid conditions often relieved by the trade
winds. Though San Salvador lies over 800 km southeast of Florida, it often receives rainfall from
synoptic disturbances that first moved over the United States. San Salvador itself relies heavily
on rainfall to replenish the amount of water used on the island; however, because San Salvador
does not receive sufficient annual rainfall, it produces a negative water budget (Davis and
Johnson 1988; Crump and Gamble 2004; Sealey 2006). Cockburn Town’s average annual
precipitation during 1978-1990 was 861 mm (33.9 inches), rainfall that occurred on an average
of 91 days each year (Sealey 2006). This is significantly lower compared to Lynden Pindling
International Airport in Nassau which received an average of 1450 mm (57.1 inches) annually on
137 days out of the year. San Salvador’s precipitation is suppressed by factors such as the North
American Subtropical High (NASH) and moderate-to-strong El Niño events. If there is a strongto- moderate El Niño or a stronger NASH that induces a larger pressure gradient and is located
closer to the Caribbean, convection is suppressed, limiting the amount of rainfall during that time
6

(Crump and Gamble 2004; Jury et al. 2007; Curtis and Gamble 2007, 2008, 2016; Gamble
2010).
2.2

Atmospheric Disturbances Affecting San Salvador Island
Annually, San Salvador is impacted by several synoptic features including fronts, tropical

cyclones, easterly waves, mid-latitude troughs, and tropical and non-tropical lows (Crump and
Gamble 2004; Gamble et al. 2004; Gamble and Jordan 2004; Sealey 2006; Gamble 2010).
Stationary fronts produced the most rainfall on San Salvador, yet non-synoptic patterns were the
most frequent occurrences on the island followed by cold fronts. Compared to other synoptic
features, cold fronts exceeded frequency of occurrence and rainfall accumulation during the
winter months of November through April, peaking between January and March (Crump and
Gamble 2004). While tropical systems produce high rainfall rates, they are not the most
significant contributor to total annual rainfall (Crump and Gamble 2004; Gamble and Jordan
2004; Gamble 2010).
When a synoptic feature is not present, thunderstorm activity on the island is affected by
local conditions such as atmospheric moisture, the trade winds, and the proximity of the North
Atlantic Subtropical High (NASH). Sinking air within the NASH can limit convection which
limits precipitation, leading to a dry season during the mid-summer (Crump and Gamble 2004;
Gamble 2010). When the NASH is weaker or centered farther from the island, the likelihood of
afternoon convective thunderstorms increases (Curtis and Gamble 2016). However, when the
NASH intensifies, or expands, across the Atlantic, subsidence increases, trade winds strengthen,
and sea surface temperatures decrease in response to increase of upwelling from the stronger
trade winds (Gamble 2014). The intensity of a given dry spell increases the closer a stronger
NASH is to The Bahamas compared to a NASH farther north or centered in the mid-Atlantic.
7

The Atlantic hurricane season officially occurs each year from 1 June through 30
November. A tropical cyclone (TC) that impacts The Bahamas normally forms between 10-20°
N and to the east of the Lesser Antilles. On San Salvador, the primary threat from a TC is strong
winds; however, flooding and storm surge can still be a concern (Sealey 2006). In summer 2019,
some residents were still rebuilding their homes from Hurricane Joaquin in 2015, a strong TC
that impacted the island for over 48 hours (Fuhrmann et al. 2019). Four years after Hurricane
Joaquin, homes in Cockburn Town and Victoria Hill appeared run-down with holes through
ceilings and tarps on roofs. Towns and main roads on San Salvador hug the coastline. Most
buildings are around 1.5-3 meters above sea level and at least 9 meters inland from the coastline.
After Hurricane Frances (2004), storm surge barriers were built between the roads and beaches
to reduce the likelihood of roads washing away.
On average, The Bahamas are indirectly impacted by a tropical cyclone every two years and
by landfall (when a TC’s center passes over land) approximately every four years
(nhc.noaa.gov). San Salvador Island is impacted by a TC about every two years, the most recent
being Hurricane Irma in 2017. Many of these TC’s cause heavy rain, wind, and sometimes
damage to property. One hurricane that did not make landfall but still caused damage was
Hurricane Floyd in 1999. As Floyd passed north of San Salvador near its peak intensity of 63.9
mps (155 mph) (a very strong category 4 hurricane), it caused an excessive amount of damage to
the northern part of the island. Roofs were torn off buildings and the piers by Northpoint and the
GRC were destroyed (Sealey 2006). San Salvador Island averages a TC landfall every five years.
Over the past 150 years, there have been approximately 13 landfalls over San Salvador (NOAA
Historical Hurricane Tracks) (Figure 2.2). On record, there have been only four major hurricanes
with landfalls to San Salvador: two unnamed storms in 1933 and 1941, Frances in 2004, and
8

Joaquin in 2015 (NOAA Historical Hurricane Tracks). Frances made landfall on the eastern side
of the island as a category four hurricane with maximum winds at 62.58 mps (140 mph) before
weakening to a category three hurricane after landfall (Beven 2005). Hundreds of homes were
damaged, Australian pine trees (a common type of vegetation on the subtropical island) were
snapped, and multiple docks that were not destroyed by Floyd in 1999 were destroyed by
Frances in 2004 (Rodgers and Gamble 2008). Joaquin in 2015 made landfall as a category three
hurricane with maximum sustained winds at 55.88 mps (125 mph) (Berg 2016). On San Salvador
alone, 227 buildings were damaged, roads were washed out, and the power went out (Neely
2017).
2.3

Teleconnections
Teleconnections are climatological anomalies that vary temporally and spatially and affect

atmospheric and oceanic circulations across the globe (Jury et al. 2007; Gamble 2014). Three
teleconnections affect the seasonal weather patterns across The Bahamas: El Niño Southern
Oscillation (ENSO), the North Atlantic Oscillation (NAO), and the Atlantic Multidecadal
Oscillation (AMO) (Jury et al. 2007). Each of these three teleconnections are explained in greater
detail in the following subsections.
2.3.1

El Niño-Southern Oscillation (ENSO)

ENSO is a coupled atmosphere-ocean phenomenon involving changes in sea surface
temperatures (SST) in the equatorial Pacific Ocean and shifts in the Walker circulation (Gamble
2014). During La Niña, the eastern Pacific Ocean SSTs decrease. From this, a stronger zonal
SST gradient develops, strengthening low-level easterly winds and strengthening the Pacific
Walker circulation, which then impacts the global Walker circulation. The opposite occurs when
9

eastern Pacific Ocean SSTs increase, i.e., El Niño (Zhang and Karnauskas 2017). During El
Niño, tropical and subtropical climates like The Bahamas and the Caribbean see shorter wet
seasons and an elongated dry season. A La Niña pattern involves an elongated wet season,
shortening the dry season as it progresses into the next year (Jury et al. 2007; Curtis and Gamble
2008; Min et al. 2015). During a warm phase of ENSO, studies that use the Niño 3.4 SST
anomalies have shown an increase in precipitation overall in the Caribbean with the greatest
amount farther west and lesser influence farther Southeast during a warm phase (Jury et al. 2007;
Min et al. 2015). As an El Niño event strengthens in the tropical Pacific, it is possible the midsummer dry spell can also be prolonged and stronger in the Caribbean. This is due to greater
subsidence in the Atlantic and reduced precipitation during the months of July through October
(Curtis and Gamble 2008, 2016).
2.3.2

North Atlantic Oscillation (NAO)

The North Atlantic Oscillation, or NAO, is a month-by-month oscillation based on sea level
pressure differences between the Subtropical High and the Subpolar Low (Jury et al. 2007;
NOAA National Centers for Environmental Information). The NAO, like other phases, oscillates
between a positive and negative phase, both of which are associated with changes in intensity
and location of the jet stream over the North Atlantic. This change in pattern affects the
temperatures and precipitation pattern in areas such as North America, the Caribbean, and the
North Atlantic. During a positive phase of the NAO, conditions are drier in the central North
Atlantic between the months of March and September due to a strong high pressure aloft. From
this, trade winds increase and SSTs are lower around the Caribbean, suppressing convection and
keeping precipitation from developing (Curtis and Gamble 2016). A negative NAO phase
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typically results in upper level divergence, higher sea surface temperatures, and an increase in
precipitation during the summer months.
2.3.3

Atlantic Multidecadal Oscillation (AMO)
The Atlantic Multidecadal Oscillation (AMO) is an oscillation caused by sea surface

temperature anomalies over the North Atlantic basin and affects sea surface temperature
anomalies in the northern hemisphere (NCAR UCAR Climate Data Guide). The oscillation is
separated into warm and cool phases, and each phase lasts 20-40 years, 60-80 years full cycle.
Sea surface temperatures across lower latitudes such as The Bahamas or the Caribbean are
correlated with the AMO index, but the multidecadal oscillation also affects precipitation
patterns (Stephenson et al. 2014). During a warm, or positive, phase of the AMO, sea surface
temperatures are higher and the likelihood of precipitation becomes greater. The strongest
correlation between SSTs and precipitation occurs during the months of June and October
(Stephenson et al. 2014). A cool, or negative, phase of the AMO, inhibits precipitation and sea
surface temperatures are overall lower.
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Figure 2.1

The Bahamian island chain

There are hundreds of islands within the Bahamian island chain, but the pins showcase the larger
or inhabitable islands across The Bahamas. The banks mentioned earlier are in the lighter blue
regions surrounding much of the island chain. When sea level decreases, these banks are
exposed. (https://www.ioccg.org/)

Figure 2.2

San Salvador Hurricanes

Using NOAA Historical Hurricane Tracks, it was possible to obtain archive tropical cyclone
tracks from 1851-2019. These tracks are color coded by intensity throughout its cycle: tropical
depression is in blue, tropical storm is represented in green, yellow for category one, orange for
two, red for category three, pink for four, and purple for category five. The color of each track
shown in the figure is the peak intensity of each cyclone that went near or directly over the
island.
12

CHAPTER III
DESCRIPTION OF STUDY DATA
Past studies explored the spatial distribution patterns of rainfall in The Bahamas and San
Salvador in particular (Crump and Gamble 2004; Gamble and Jordan 2004; Gamble et al. 2004;
Gamble 2010; Stephenson et al. 2014). These studies examined types and frequency of each
weather pattern as well as total annual precipitation. This study first classifies daily weather
patterns and then expands beyond CoCoRaHS to include satellite data to evaluate how weather
patterns influenced rainfall totals across the island in 2018. In the following sections, rainfall
data from five CoCoRaHS sites, National Centers for Environmental Prediction (NCEP) 18 UTC
surface maps from the National Centers for Environmental Information (NCEI), and GOES-16
observations were used to assess whether San Salvador produces enough convectional rain to
support its annual water budget or relies on adjacent synoptic and non-synoptic systems for
precipitation for the year of 2018.
3.1

CoCoRaHS Observations
The non-profit CoCoRaHS was developed in response to a significant rain event in the

summer of 1997. Deadly flash flooding occurred in Fort Collins and Pawnee Creek, Colorado,
with no warning. While there were occasional rainfall observations, rainfall rates on radar were
severely underestimated (Kelsch 1998; Reges et al. 2016; Sheppard et al. 2017; CoCoRaHS
n.d.). Post-event analysis revealed that over a foot of rain accumulated and produced isolated
flooding (CoCoRaHS n.d.). As a result, a network of gauges that manually report rainfall, hail,
13

and snowfall, also known as CoCoRaHS, was developed. It was not until the following year
when the network was debuted in eastern Colorado. Now, CoCoRaHS has grown to the United
States, Canada, and, in 2016, The Bahamas with over 20,000 active observers (Reges et al. 2016;
Sheppard et al. 2017). This network relies on citizen science, namely volunteers that sign up to
report daily precipitation to benefit scientists and researchers across the United States (Sheppard
et al. 2017). However, gaps in observations do occur, and these gaps affect the results of any
study that includes CoCoRaHS stations.
Citizen science is heavily relied on with manual gauges because it must be checked on
and recorded at the same time every day, therefore providing daily (24-hour) rainfall values.
CoCoRaHS gauges used in this study contain two cylinders: an inner cylinder that measures up
to one inch at 0.01-inch intervals and an outer tube that measures any overflow. Once checked,
the participant submits a measurement of either zero, a trace, or a quantity of rainfall in inches.
An empty rain gauge is recorded as 0.00 inches. If less than 0.01 inches of rainfall is present, a
trace (“T”) is reported. An amount of at least 0.01 inches is reported as the value to a hundredths
of an inch. When rainfall amounts exceed one inch, the volunteer will pour out the one-inch
measurement from the interior gauge and refill it with the outer gauge. The process continues
until all the rainfall is measured and reported. The gauge is then returned to the pedestal to
collect any rain during the next 24-hour period. As a result, the daily recording process is vital to
the consistency of the observations. When a participant skips a day, the next measurement is the
total accumulation over the day or days missed in addition to the 7 AM to 7 AM period. In these
situations, it is impossible to extract the individual daily rainfall from the multi-day period
measurements.
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Each CoCoRaHS measurement represents the total rainfall over the previous 24 hours.
On San Salvador, daily amounts are recorded at 7 AM local time, thus a measurement for 2
January 2018 represents any rainfall between 7 AM on 1 January and 7 AM on 2 January. Since
San Salvador observes Daylight Saving Time, to compare CoCoRaHS values to IMERG values,
observations for part of the year must be converted from Eastern Standard Time (EST) to
Coordinated Universal Time (UTC) and from Eastern Daylight Time (EDT) to UTC the other
part of the year. 7 AM EST corresponds to 12 PM UTC, and 7 AM EDT corresponds to 11 AM
UTC.
Manual rain gauges, like the ones set up across the island, can only measure precipitation
amounts as compared to an automated gauge in which can additionally record temperature and
wind information. Automatic gauges were not used for this study because they are expensive and
the heat, humidity, and sea spray from the subtropical environment corrodes the sensors, making
it difficult to collect data from these gauges (Sheppard et al. 2017). Previous studies by Gamble
and Jordan (2004) and Gamble (2010) both used tipping buckets rain gauges; however, their
datasets were not fully conclusive because sea spray corroded the instruments used for the
studies. Manual gauges such as those used by CoCoRaHS are more cost-efficient, but this
approach comes with limitations.
Five CoCoRaHS stations were used from San Salvador Island for this study: Cockburn
Town (SS2), the Gerace Research Center (GRC; SS3), Sandy Point (SS5), Victoria Hill (SS6),
and the United Estates (SS7) (Figure 3.1). Eleven gauges were active on San Salvador in 2018;
however, only five of those stations managed to report daily for at least two-thirds of the year. In
the 2018 CoCoRaHS dataset, some months had issues with consistent daily reporting due to the
observers’ work hours as well as the time of year. Stations monitored by residents that work
15

downtown only produced reports during the work week. Because Cockburn Town does not have
stores open on Saturday or Sunday, rainfall was rarely recorded on weekends. In addition,
residents, including those that monitor the active rain gauges, leave for several weeks or months
at a time to visit family on neighboring islands or in the United States or to close up for hurricane
season. Out of the five stations explored during 2018, only SS3 (the GRC) and SS7 (United
Estates) had single digit missing days. The low number of missing days means that the
employees at the Gerace Research Center and the observer at United Estates recorded
measurements almost every day. The consistency of these measurements implies these two
stations provide the most reliable data. In contrast, SS2 (Cockburn Town), and SS6 (Victoria
Hill) missed approximately one-third of the recorded measurements, resulting in totals to be
underestimated (Table 3.1). If a study was conducted to look strictly at CoCoRaHS data, it would
be difficult to analyze and understand the overall precipitation patterns across the island,
especially with so many missing days for SS2 and SS6.
Another limitation is capturing the amount of precipitation that accumulates in the rain
gauge itself. If the sun is up and shines through any clouds, sunlight will heat surfaces and
increase the evaporation rate from the rain gauge. As a result, the total amount of rain water in
the gauge may be less than the amount of precipitation that fell over a 24-hour period. The longer
the delay of recording rainfall, the less accurate the measurement. If a participant does not check
the rain gauge for several days or weeks, the likelihood of water evaporating from the rain gauge
increases, hence decreasing the accuracy of the measurement. In addition, debris such as bugs
and leaves can disrupt the accuracy if they end up in the gauge.
The third limitation to rain gauges is their location. All CoCoRaHS rain gauges must be
installed a specific way. The top of the rain gauge must be a minimum of 0.3 m (approximately
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one foot) above the ground. Also, gauges must be set up away from fences, bushes, trees, or
buildings because the proximity of these objects can directly alter the accuracy of rainfall
measurements and the movement of air which impacts rainfall accumulation in the gauge. To
avoid data disruption between the gauge and an object, it is recommended to distance the gauge
twice as far as the station’s height.
One goal of the July 2019 trip to San Salvador was to set up three new rain gauges along
the eastern side of the island. Gauges needed to be installed along the main road near the shore
due to dense vegetation coverage and murky lakes farther inland. This setup became difficult to
complete because of the geographical landscape across these locations. For example, bedrock
lies less than a quarter of a meter below the surface near the island’s landfill, but the hole for
gauge installation needed to be at least 0.3 meters deep. After an hour passed and many attempts,
we found a location across from the entrance of the landfill near large bushes that would limit
sea spray impacting the rain gauge itself. The new station near the cemetery (Figure 3.2) faced
similar installation challenges with only two options: installing the gauge in front of the cemetery
right by the ocean (where sea spray could hit the rain gauge) or across from the cemetery (about
0.46 meters away from the brush).
3.2

Satellite-derived datasets
In regions with limited in situ observations, like The Bahamas, satellite observations can

offer an additional source of information. Satellites observing the Earth’s atmosphere and surface
generally have one of two orbits: low-earth orbit or geostationary orbit. Instruments in low-earth
orbit are located at altitudes between 200 to 2000 km, but they observe the same location less
often. Geostationary satellites are much farther away with an altitude of 35,786 km but orbit the
Earth at the same speed the Earth rotates, thus continuously observing the same region, providing
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high temporal resolution. The National Oceanic and Atmospheric Administration (NOAA)
launched their first geostationary satellite in 1966, the Applications Technology Satellite,
beginning a series of ever-improving instrumentation in geostationary orbit. The latest generation
of geostationary satellites is the Geostationary Operational Environmental Satellite (GOES) R
series featuring the Advanced Baseline Imager (ABI).
The currently operational GOES-East satellite, GOES-16, has provided ABI observations
since mid-2017. The ABI has sixteen bands, two in the visible region and fourteen in the infrared
region. Band 2 (the “red” visible band) has a spatial resolution of 0.5 km, and the other bands
have either 1- or 2-km resolution (Schmit et al. 2017). For reference, the previous GOES Imager
had only five bands and a maximum spatial resolution of 1 km. In 2018, full-disk ABI
observations were available every 15 minutes to support monitoring and analysis of tropical
cyclones, mid-latitude systems, wildfires, and land cover types (Schmit et al. 2017). The full-disk
observation frequency was increased to every 10 minutes in 2019.
The Tropical Rainfall Measuring Mission (TRMM) launched in November 1997 and was
designed to last only three years. TRMM provided essential information on tropical rainfall using
a passive microwave instrument as well as the first spaceborne radar before retiring in 2015, 20
years later (Kummerow et al. 1998; Kummerow et al. 2000). Its successor, the Global
Precipitation Measurement (GPM) mission, was launched in 2014 (Hou et al. 2014). The GPM
has updated versions of TRMM’s passive microwave and radar instruments to provide improved
observations of the atmosphere. These observations contribute to IMERG rainfall estimates
which are provided at 0.1° resolution available every 30 minutes, 3 hours, daily, and monthly
(Zuluaga and Houze 2015; NASA). IMERG provides another perspective on rainfall near San
Salvador to compare with CoCoRaHS stations, particularly on days when the stations have
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missing data. IMERG, however, is limited by its coarse spatial resolution— particularly for
localized precipitation from convective clouds—and its dependence on remotely-sensed data
rather than in situ observations.
Though 16 bands exist on the ABI, only 2-km Band 13 centered at 10.3 μm (“clean
longwave infrared”) was used because it can be used 24-hours a day. Because Band 13 lies
within the infrared atmospheric window (a region of the electromagnetic spectrum where
radiation is readily transmitted through the atmosphere), it is the best band to use to monitor
cloud-top temperature. Though the ABI cannot provide direct estimates of rainfall, it can infer
the strength of convection through cloud-top temperature. The temperature of the cloud top
implies cloud-top height: the colder the cloud is, the higher it is in the atmosphere, thus allowing
us to infer the strength of the convection. Band 13 images can then be used to evaluate
precipitation that occurred on non-synoptic days.
Compared to point-based rain gauges, IMERG values should be used as a general
estimation of the precipitation that fell in inches over each 0.1° x 0.1° pixel. The entire island of
San Salvador and its surrounding ocean is covered by only six IMERG pixels (Figure 3.3).
Except for the Central East region, each pixel’s coverage is at least 50% ocean, thus the IMERG
value for each pixel blurs together over-ocean and over-land rainfall compared to a CoCoRaHS
station in the same area. In this study, IMERG values are compared to the CoCoRaHS station(s)
within the same pixel. These comparisons provide context for days when only IMERG
observations are available. As noted earlier, IMERG is available at multiple temporal
resolutions. For this study, 30-minute IMERG observations were used to calculate 24-hour
accumulations that correspond with daily CoCoRaHS measurements on San Salvador. The
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IMERG time-stamps were adjusted from UTC to either Eastern Standard Time (EST) or Eastern
Daylight Time (EDT) depending on the time of year.
3.3

Surface Analysis
To assess daily weather systems that affected San Salvador in 2018, surface maps that

showed isobars, high and low pressure centers, frontal boundaries, and selected forecaster
observations were examined (e.g., Figure 3.4). These maps were provided every 6 hours at 00,
06, 12, and 18 UTC. These maps provided context for any weather event that contributed to San
Salvador’s daily observed rainfall. For this study, daily conditions were assumed from 18 UTC
maps which represents 12 PM local standard time, or 1 PM local daylight time, because 18 UTC
is nearest peak daytime.
Table 3.1

CoCoRaHS Missing and Multi-Day Chart

# of Missing Days
# of Multi-Day Reports
# of Multi-Day Days
# of Measurable Rain Days
# of Zero Reports
# of Trace Reports
% of Missing Days
% of Multi-Day Reports
% of Multi-Day Days
% of Measurable Rain Days
% of Zero Reports
% of Trace Reports

BHS-SS-2
Cockburn
Town
129
16
17
79
119
5
35.3%
4.4%
4.7%
21.6%
32.6%
1.4%

BHS-SS-3
Gerace Research
Center
3
5
38
121
188
10
0.8%
1.4%
10.4%
33.2%
51.5%
2.7%

BHS-SS-5
Sandy Point

BHS-SS-6
Victoria Hill

63
0
0
99
203
0
17.3%
0%
0%
27.1%
55.6%
0%

128
0
0
86
151
0
35.1%
0%
0%
23.6%
41.4%
0%

BHS-SS-7
United
Estates
2
0
0
115
248
0
0.5%
0%
0%
31.5%
67.9%
0%

This study uses five CoCoRaHS stations across San Salvador Island, Bahamas for 2018. The
data provided was broken down into the number of missing days, multi-day reports, and daily
reports. This table was provided by Dr. Chris Fuhrmann.
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Figure 3.1

CoCoRaHS stations on San Salvador Island

Using Google maps, each CoCoRaHS station within the image is considered active and reporting
precipitation. The five stations (circled) included in this study are SS2, SS3, SS5, SS6, and SS7.
The SS12, SS13, and SS14 gauges were added in July 2019.
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Figure 3.2

New CoCoRaHS Location: SS13 (Fortune Hill)

One of the three CoCoRaHS rain gauges installed in July 2019 is located across the street from
the cemetery on the east side of the island. Establishing new CoCoRaHS stations can be difficult
due to the strict location guidelines.
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Figure 3.3

IMERG 0.1° x 0.1° pixel overlay

Six 0.1° x 0.1° IMERG pixels were examined in this study: Northeast in pink, Northwest in red,
Central East in teal, Central West in blue, Southeast in orange, and Southwest in purple. The
latitude and longitude labels indicate the center of each pixel. This study focuses on the
Northeast, Central West, and Southwest pixels because the five examined CoCoRaHS stations
are present in these three regions (SS3, SS7, SS6, SS2, and SS5).
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Figure 3.4

18 UTC surface map example

18 UTC surface analyses were used to understand synoptic and non-synoptic patterns that may or
may not have influenced San Salvador Island’s weather. The two images are from 1 January
2018 (left) and 9 January 2018 (right). Solid lines indicate surface isobars. Solid lines with
triangles or semi circles indicate fronts. Dashed lines indicate troughs (right panel). Station
observations are indicated with barbs showing wind speed and direction. High and low pressure
centers are marked as “H” or “L” respectively.
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CHAPTER IV
STUDY APPROACH AND METHODS
4.1

CoCoRaHS in relation to spatial variability
Thanks to several participants on San Salvador, five CoCoRaHS stations provided

adequate daily measurements to be included in this study: two on the northeast side (SS3 and
SS7), two on the central-west side (SS2 and SS6), and one on the far southwest side (SS5) of the
island. In the dataset, all days with missing or multi-day missing reports were flagged: two
hyphens (“--”) indicated one missing day and two asterisks (“**”) indicated multiple consecutive
missing days. The measurement following an asterisk was a combination of the previous 24-hour
measurement in addition to the other days’ measurements. Analysis of CoCoRaHS data began by
identifying which days in 2018 had observations from all five stations. To evaluate spatial
variability between two sides of the island on days when both stations had 24-hour observations,
SS7 (in the northeast) was compared with SS5 (in the southwest).
4.2

Surface Analysis
Regardless of availability of CoCoRaHS data, each day in 2018 was classified as either

“synoptic” or “non-synoptic” depending on what was observed in the 18 UTC surface map. The
term “synoptic day” refers to a day with one of the following synoptic features present: a front
(cold, warm, or stationary), trough, non-tropical low, tropical low, tropical wave, or tropical
cyclone. A trough and a front appear different on 18 UTC surface maps. Cold fronts are
indicated by a line marked with triangles pointing in the direction the front is moving. On the
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other hand, a trough is identified as a long dashed line (e.g., Figure 3.4). If one of the referred
referred synoptic features was not present on a surface analysis map, that day would be classified
as a “non-synoptic” day. Because precipitation needs to come from local sources (e.g., air mass
thunderstorms) when the island is influenced by the North Atlantic Subtropical High (NASH),
we also classify days when only the high is present as “non-synoptic." NCEI hosts an archive of
of surface analysis maps generated in real time by experienced forecasters (NOAA National
Centers for Environmental Information). In this project, the West Atlantic surface analysis subregion was used.
Since CoCoRaHS data are limited to once-a-day observations at best, all four synoptic
times (00, 06, 12, and 18 UTC) was evaluated to determine how many observations were needed
in order to classify each day. Maps from 18 UTC were selected for two reasons: 1) it was the
peak of the day and 2) the synoptic-scale features did not rapidly change between each 6-hourly
map. We assumed a synoptic-scale system needed to be within 500 km of San Salvador to affect
the island (Brown and Arnold 1998). Geographically, this extends as far west as Florida and the
Abaco/Grand Bahama islands and as far east as Hispaniola. If none of the synoptic features listed
earlier exist within the 500-km radius, then non-synoptic is chosen as the classification.
4.3

Adding satellite-based information
As noted earlier, the 30-minute IMERG observations were adjusted from UTC to local

observation time before adding up 24-hour accumulations to match the 7 AM to 7 AM time
frame of CoCoRaHS measurements. We used the pytz and datetime Python modules to perform
the time conversion, NumPy to add up 24-hour IMERG accumulations, and Matplotlib to display
time series of IMERG data. The Python script was written to be dynamic in displaying ranges of
dates, enabling small-scale analysis as well as monthly or even year-long data display. The 2426

hour accumulations were also exported to plain text files for comparison with CoCoRaHS
values.
For this study, it is important to note how dates are assigned. A CoCoRaHS measurement
from 10 June corresponds with 7am on 9 June to 7am on 10 June. IMERG accumulations are
computed to align with these time periods. For date classification, the 10 June label of “synoptic”
or “non-synoptic” is from 18 UTC 9 June to also overlap with these time periods.
Since one of this study’s goals is to explore spatial variability of San Salvador rainfall,
we compared IMERG rainfall amounts between the available pixels. As noted earlier, there are
six IMERG pixels that partially overlap San Salvador Island: Northwest, Northeast, Central
West, Central East, Southwest, and Southeast (Figure 3.3). Since each of these pixels covers a
combination of land and water, not all rainfall estimated at each pixel will fall on the island
itself. Values from all six pixels were briefly examined, but this study focuses on the three pixels
that are co-located with CoCoRaHS stations: the northeast, central west, and southwest regions.
This evaluation was performed on a month-by-month basis to reduce the influence of seasonal
variability. During each month, if any spikes of heavy rainfall occurred, the values between the
pixels were compared to establish whether that spike was confined to particular pixels or
occurred across all of them. The associated synoptic/non-synoptic classification for these spikes
was also noted to assess the type of system that contributed to these events.
According to IMERG data, there were hundreds of days with at least one pixel showing
rainfall of at least 0.5 inches. To isolate the rarer events and thus be considered a major rain
event, at least one of the three IMERG pixels examined had to reach or exceed one inch. This
threshold was determined from a time series of precipitation values over the three included pixels
(Figure 5.4). During 2018, there were 27 peaks that met or exceeded the one inch threshold. The
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four highest IMERG rainfall peaks were chosen for further analysis using GOES-16 ABI
observations. Again, we used Python packages to obtain and display ABI Band 13 data. A
collaborative effort between NOAA and Amazon Web Services (AWS) makes ABI data
available in near-real time on AWS servers, called “buckets.” Amazon also maintains a Python
package called “boto” so Python code can directly access data stored within AWS buckets. This
means ABI data can be accessed without having to download the data files first. Matplotlib is
used to display the data, and the geographical map and projection are provided by Cartopy.
In 2018, GOES ABI full-disk observations are available every 15 minutes. However, this
temporal resolution is too fine for comparison with 24-hour rainfall data. For this study, we
generated Python maps at the beginning of each hour, creating 24 maps for each 24-hour rainfall
measurement. Since ABI data also follows UTC, we converted ABI time-stamps to local time for
analysis. The Band 13 images from GOES-16 were restricted to 65-90°W and 20-35°N and
included an inset zoom of San Salvador to support the analysis of convection over or near the
island.
Since 24-hour rainfall of at least one inch is considered to be a rarer event, it is important
to quantify how much of the total annual rainfall is contributed by these “spikes” of precipitation.
This analysis was performed for both IMERG and CoCoRaHS data using pie charts. Two pie
charts were created for each IMERG and CoCoRaHS site: one that showed the number of days
that fell within different rainfall bins and one that showed how much each bin contributed to the
annual rainfall. For CoCoRaHS, “missing” was included in the legend to provide context for the
relative number of missing values compared with the number of days in 2018 (365).
Monthly and seasonal rainfall totals for CoCoRaHS and IMERG were compared to
explore the relationship between each CoCoRaHS station and its overlapping IMERG pixel.
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While Gamble and Curtis (2008) based their study off of meteorological seasons, this study
computed seasons based on the astronomical calendar. If our four peaks were classified based on
the meteorological season, there would be two fall peaks and zero summer peaks. Summer
conditions persist through the first part of astronomical fall and does not bring relief until cold
fronts become more frequent in October (Sealey 2006). By using the astronomical calendar, a
late-summer pattern is included in the sample. For 2018, each season was within the following
dates: 1 January - 19 March and 21-31 December for winter, 20 March -20 June for spring, 21
June - 21 September for summer, and 22 September - 20 December for fall. The exploration
between monthly and seasonal totals for CoCoRaHS and IMERG was done in two parts:
comparing the rainfall totals themselves and examining the percentage of IMERG rainfall
relative to CoCoRaHS rainfall since the in situ measurements of CoCoRaHS are considered
ground truth relative to the remote sensing-derived IMERG dataset.
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CHAPTER V
RESULTS
5.1

CoCoRaHS rainfall compared with daily classifications
In 2018, the most common classification based on 18 UTC surface maps was non-

synoptic (223 days, or 61.1%). The remaining 142 days (38.9%) were characterized by some
type of synoptic feature, the most common being cold front (58 days, or 15.9%). Stationary
fronts occurred on 46 days out of the year, and two days in December had a warm front move
through (Table 5.1). Despite representing a single year, these numbers parallel Gamble and
Jordan (2004) and Gamble (2010) who found non-synoptic to be the most frequent type of
pattern. The second-most common patterns were cold front for Gamble and Jordan (2004) and
trough for Gamble (2010).
As mentioned earlier, one of this study’s goals is to explore the spatial variability of
rainfall across the island. Observers on the island reported measurements in inches because
Unfortunately, each CoCoRaHS station had missing measurements, some more than others. Of
the five available CoCoRaHS stations (Table 3.1), SS2 (Cockburn Town) and SS6 (Victoria Hill)
had the most missing observations: SS2 with 129 and SS6 with 128. Since over one-third of
Cockburn Town and Victoria Hill’s data were missing, these stations provided the least
representative monthly and annual rainfall totals. Out of 105 days when all five stations reported
data, 39 days produced zero precipitation, 20 days were considered to have local coverage (only
one station with measurable rainfall), 33 days partial (two to four stations with measurable
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rainfall), and 13 days as complete meaning all five stations recorded measurable rainfall (Table
5.2). Out of the 260 days where at least one station was missing data, half of the days were
recorded missing at either SS2, SS6, or both. Many Saturdays and Sundays were not recorded,
contributing about 104 days of missing data. In the second half of the year, the majority of the
data for SS2 and SS6 was missing from at least one of the two stations.
SS3 (GRC) and SS7 (United Estates) had single-digit missing days, therefore these
stations should better represent rainfall during 2018. Note these stations are less than a mile
apart. Out of the number of days where both stations recorded rainfall, the differences in 24-hour
rainfall amounts between the two stations was less than a tenth of an inch for 248 days out of the
year and over half an inch for only 23 days out of the year, implying that rainfall that occurred at
one station tended to occur at the other. Of those 23 days, ten were classified as non-synoptic and
13 as synoptic. Of the 13 synoptic days, five were classified as stationary front, four days as cold
front, two as troughs, and one as a non-tropical low. There were eleven days when the difference
between the two stations was between 0.51 inches and one inch: five of those days being nonsynoptic and six days synoptic with one warm front day, two stationary front days, one nontropical low day, and two days with a trough. Twelve days in 2018 had at least a one-inch
difference between SS3 and SS7 with five non-synoptic days and seven synoptic days: four days
that were impacted by a cold front and three days impacted by stationary fronts (Figure 5.1).
Non-synoptic features were present each month of 2018 but occurred most frequently in
February and June. Based on the 21 June - 21 September dates for summer in 2018, non-synoptic
systems occurred highest during the summer (75.3% of days; Figure 5.2). Recall that days when
the NASH is weaker or closer to the mid-Atlantic, sea surface temperatures are higher, and/or
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there is an increase in the trade winds, convective precipitation tends to be more likely. The
presence of synoptic features, like fronts, were highest from mid-fall (51.1% of days) through
early spring (33.3% of days) which makes sense because synoptic-scale weather systems are
more prevalent and can reach farther south. Mid-latitude systems are not as common near San
Salvador during the summer months because the trade winds are higher and the NASH is
normally stronger or farther west (24.7% of days; Figure 5.3). A cold front marks the boundary
where a colder air mass is colliding with a warmer air mass. Warmer air—such as the air found
in a subtropical climate—is pushed upward as the boundary advances, increasing convection
along and ahead of the front. A warm front marks the boundary where a warmer air mass is
colliding with a colder air mass. Warm fronts are less likely to occur in The Bahamas because its
climate is warm year-round, making it rare for even an even warmer air mass to enter the island
chain. Other synoptic features, such as troughs and tropical waves, or non-synoptic days,
contributed to the island’s rainfall accumulations primarily during July through September.
5.2

Incorporating IMERG with CoCoRaHS observations
Monthly and annual precipitation totals were calculated using IMERG and CoCoRaHS

data to achieve two of our goals of quantifying rainfall across San Salvador as well as explore
the 2018 precipitation patterns using both components (Table 5.3 and Table 5.4). According to
Sealey (2006), Cockburn Town’s average annual rainfall over a 13-year period was about 35
inches. The annual rainfall measurement at Cockburn Town in 2018 recorded 37.43 inches via
CoCoRaHS, more than two inches above the Sealey average. Out of the 365 day dataset, SS3
and SS7 were both available with the Northeast region of IMERG: the GRC received 48.98
inches for the year, 57.67 inches at the United Estates, and 59.58 inches with the Northeast
IMERG region. The opposite region, SS5 and the Southwest pixel had annual totals of 44.61
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inches at Sandy Point and 57.28 inches for the Southwest region. If we were to utilize the same
number of days between two stations in different regions with the fewest days missing and
obtain a sample when both days reported (SS5 and SS7), we would have 291 days of data
compared to 105 days with all five stations. When modifying the sample to 291 days, SS7 had an
annual total of 48.44 inches and SS5 had a total of 41.67 inches. Previous works confirmed the
farther south and east traveled in the Bahamas, the drier the climate. Comparing 2018, San
Salvador was not only exceeding 20 inches above the average according to IMERG, but it was
higher than the rainfall average of islands to the far north and west.
Further analysis focuses on the three IMERG grid points that overlap with CoCoRaHS
station locations: Northeast, Central West, and Southwest (Figure 5.4). Many days of slight or no
rainfall accumulation occurred across one or multiple regions. Rainfall events that produced
daily accumulations of at least one inch were much less common but occurred multiple times
during the year. Out of the 365 days, only 27 accumulated one inch or greater in at least one
region according to IMERG. Of these 27, four events were chosen for further study: January 913, May 6-10, September 1-4, and November 23-25. The start and end dates were determined by
the first day and last day rainfall totals were under one inch.
5.2.1

January 9-13
The most unusual rainfall event in 2018 occurred January 9-13. Rainfall totals via

IMERG peaked for all three regions on January 11 (7am January 12 measurement): 6.83 inches
in the Northeast, 5.52 inches in the Central West, and 4.86 inches in the Southwest (Figure 5.5).
Recall that each IMERG grid point spans a region that is over land and over water. However, the
differences in these totals indicates a broad amount of spatial variability for an island that takes
45 minutes to drive from one side of the island to the other. The totals collected at all five
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CoCoRaHS gauges were similar to the IMERG estimates. SS3 had seven inches, SS7 had 7.04
inches, SS2 had missing data for the January 12 measurement, SS6 had 4.5 inches, and SS5
accumulated 6.4 inches of rain on the Southwestern edge. SS7’s rainfall total of 7.04 inches was
approximately a quarter of an inch higher than the Northeast IMERG pixel, but there was over a
1.5-inch difference between SS5 and the Southwest pixel.
2018’s highest rainfall event was classified as non-synoptic due to the absence of frontal
features but also due to a strong Subtropical High over the Atlantic (Figure 5.6). Prior to January
11, a cold front over the United States moved eastward towards The Bahamas and was losing
energy before reaching the 500 km radius. Clouds along the frontal boundary in the 18 UTC
Band 13 image that corresponds with the 18 UTC surface analysis showed lower cloud top
temperatures increasing in degrees Fahrenheit. Therefore, it can be inferred moisture weakened
during this time and convection decreased. From 16 UTC on January 9, a huge burst of
convection developed over the northern part of Andros Island with lighter convection spanning
out into the western Atlantic. Fast forwarding to January 11 and 12, cloud-top temperatures
decreased, indicating deeper convection. This deeper convection covered San Salvador for
almost 24 hours (Figure 5.7).
5.2.2

May 6-10
The multi-day peak event examined in the spring produced nearly nine inches of rain across

San Salvador Island during May 6-10. Over the three regions, rainfall totals peaked on the May 9
measuring day (Figure 5.8). Unlike the January event, the distribution of rainfall was more even
across the island on IMERG: 3.19 inches in the Northeast, 3.83 inches in the Central West, and
4.2 inches in the Southwest. Rainfall was recorded each day during this event at each station with
the exception of SS2 in which had multi-day reports from the April 27 measuring date through
34

May 6 (resulting in the May 7 measuring date being a combination of the missed days plus previous
24-hour rainfall). SS3 reported 1.87 inches, SS7 reported 1.53 inches, SS2 reported 1.7 inches,
SS6 reported 0.52 inches, and SS5 reported 0.4 inches of rain. The Northeast region recorded 1.66
inches more than SS7; Southwest IMERG recorded 3.8 inches more than SS5. This implies rainfall
over the ocean may have contributed to the excess totals in each pixel, CoCoRaHS totals were
underestimated, or IMERG overestimated its cold cloud tops.
The main synoptic event that produced the peak rainfall on the May 9 measurement was a
stationary front (Figure 5.9). Prior to its peak, the May 6 and 7 measurements were classified as
non-synoptic days that produced convection over the island. Most of the lower cloud-top
temperatures were on one or the other side of the island but rarely covered the entirety of the
island. By May 6 around 11 UTC, a stationary front starts to form over the southern half of
Florida and the western Atlantic. As the front moved between Miami and Grand Bahama Island,
convection fired up and cloud tops cooled, indicating an increase of convection. In addition,
around 12 UTC May 7, there was a burst of convection from The Bahamas to the northern
Atlantic. Cloud top temperatures over San Salvador were much cooler on May 8 as the front
moved over the island and stalled (Figure 5.10).
5.2.3

September 1-4
Rainfall totals for this event were 3.07 inches for the Northeast region on the September 3

measurement, 4.15 inches for the Central West, and 3.6 inches for the Southwest (Figure 5.11).
After researchers left the island for the summer, the GRC lacked data for about three weeks, so
unfortunately, SS3 was unrecorded. SS7 had a rainfall total of 1.13 inches from the September 14 measuring days. SS2 and SS6 both had at least one missing day during this time frame, limiting
these stations’ ability to record accurate rainfall amounts. SS6 recorded 2.3 inches on the peak
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rainfall day. The CoCoRaHS measurement for SS6 was just over half of the Central West pixel
amount of 4.15 inches. SS5 recorded 1.5 inches on the September 3 measuring day compared to
the 3.6 inches IMERG measured.
September 1 was classified as a trough followed by a tropical low on September 2
(September 3 measuring day) (Figure 5.12). From GOES-16, it is assumed the majority of the
rainfall and the reason behind IMERG’s higher totals was because of a six hour period between
08 UTC until 14 UTC September 2 when cloud-top temperatures sharply decreased, implying an
enhanced amount of convection across the entire island occurring over a short period of time
(Figure 5.13). After that convection moved further from the island, there was a brief two-hour
period the same day when convection increased over the island. This event highlights the
usefulness of ABI observations by showing the spatial coverage of convection that may have
contributed to both IMERG and CoCoRaHS measurements. It can also help reveal the scattered
nature of clouds which may not impact individual CoCoRaHS stations as much as the area
covered by each IMERG pixel.
5.2.4

November 23-25
The selected fall major rain event occurred on the day after Thanksgiving (November 24

measuring day). The Northeast accumulated twice the rainfall as the Southwest region, and there
was a one-inch difference between the Central West and Southwest pixels (Figure 5.14). The
Northeast region had a rainfall total of 3.12 inches when recorded on November 24, the Central
west accumulated 2.67 inches, and the Southwest accumulated 1.46 inches. Rainfall totals across
all five CoCoRaHS gauges showed either less than an inch or was not recorded. Because this event
occurred around a holiday, many people on the island were either visiting family off the island or
did not check the rain gauge in time. Both SS3 and SS7 recorded 24-hour measurements: the GRC
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accumulating 0.36 inches and the United Estates recording a mere 0.09 inches as compared to
IMERG’s 3.12 inches. Again, it is possible to infer most of the rainfall measured via IMERG was
over ocean versus land. SS2 and SS6 did not record any data on that day; SS5 recorded zero rainfall
for that day.
This event was synoptically driven by a cold front on November 22 and stationary front
on November 23 (November 24 measuring day). From GOES-16, the first image taken in the
loop was from November 21 at 00 UTC showing a distinct but weakened band of clouds, which
represents the stationary front, to the north of The Bahamas. The front stayed north, but a surge
of clouds and shallow convection moved out of the Gulf of Mexico and over the Bahamian
islands. Surface analysis for November 22 showed multiple cold fronts from the southeastern
Bahamas to paralleling the Florida-Georgia state line. November 23 at 18 UTC showed the
lowest cloud top temperatures throughout the entire event (Figure 5.15). As the fronts moved
away from the island, convection over San Salvador weakened as shown by increasing cloud-top
temperatures, resulting in lower CoCoRaHS rainfall amounts. IMERG totals, on the other hand,
are higher due to the clouds being scattered across the pixel.
5.2.5

2018 driving factors of one-inch rainfall
Of the four events that were analyzed, the May, September, and November events where

classified as synoptic and IMERG totals were not similar to the CoCoRaHS totals. IMERG
estimated several inches of rain when CoCoRaHS showed just over or under an inch of rain.
January was the only event of the four where IMERG and CoCoRaHS somewhat agreed with
each other. This was also the only non-synoptic event that was analyzed in-depth. An assumption
can be made that IMERG and CoCoRaHS agree more when there is a non-synoptic rain event as
compared to a synoptic-base pattern because the set-up with each pattern are different; however,
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several more cases with additional years must be done to either confirm or deny these
allegations. In addition, it can be inferred that San Salvador is heavily dependent on synopticbased systems for its major rainfall contributions; however, non-synoptic patterns also contribute
to rainfall totals. Out of the 27 rain events that provided at least one inch of rain to the island, ten
events were non-synoptic, twelve were frontal, and five were either a trough, tropical low, or
tropical wave (Figure 5.16).
5.3

Above Average January
January’s rain event helped provide almost five times as much rainfall as the monthly

average of George Town, Exuma. With little CoCoRaHS data over the past few decades, it is
difficult to determine an average for San Salvador Island. Exuma is the closest populated island
to San Salvador and was used as a reference to average precipitation patterns on San Salvador
(Sealey 2006). January is during the dry season in The Bahamas, with precipitation averaging
approximately 1.9 inches on Exuma. Several years of CoCoRaHS data would be needed to
determine the precipitation average on San Salvador, therefore, we cannot assume the 2018
precipitation is considered above or below the average. CoCoRaHS data from 2017 and 2019;
however, gave us context of how different 2018 really was. As seen earlier in Figure 5.5, the
highest precipitation value for IMERG in 2018 was approximately seven inches. January 2017
received a total of 1.91 inches in the Northeast region, 1.63 inches in the Central West, and 1.14
inches in the Southwest. January 2019 was over an inch below the January 2017 rainfall totals as
well as the Exuma average: 0.46 inches for the Northeast and 0.44 inches for the Central West
and Southwest (Figure 5.17).
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5.4

Monthly differences between IMERG and CoCoRaHS rainfall
Because IMERG is derived from remotely-sensed measurements, it is expected that

IMERG values will not perfectly agree with in situ CoCoRaHS observations. To determine how
the observations relate, the relationship of the two observations were broken down by month.
IMERG was divided by CoCoRaHS. If the value was lower than 100%, then IMERG had a
smaller value than CoCoRaHS during the month and a greater value if the percentage was
greater than 100% (Figure 5.18). SS3 and SS7 showed higher rainfall totals than IMERG during
February, March, August, November, and December. IMERG showed to have a higher
precipitation value from May through July (a). This, again, is likely related to IMERG rainfall
being an estimate across an entire pixel. Over the Central West pixel, rainfall comparisons
between SS2 and SS6 were very different compared to its IMERG values. IMERG values were
lower than SS2 for all months except May through September. There were also several peaks
when IMERG had rainfall totals much higher than SS6 (e.g. March, May, and July) (b). Rainfall
totals were higher at SS5 than its Southwest IMERG region from February through April.
IMERG, again, during the months of May through September were higher than CoCoRaHS.
There was a gap during September and October because there was no rainfall recorded at SS5
from 6 September thru 29 October (c).
The same procedure was done with the 291-day sample with SS5, SS7, Southwest
IMERG, and Northeast IMERG; however, this was based on seasons using the astronomical
calendar. An in-depth analysis was done between these stations and regions, breaking down the
relationship between the two observations by season, year, and its classification of either
synoptic or non-synoptic. The Northeast region quantified larger values than CoCoRaHS on nonsynoptic days during the winter (1 January - 19 March and 21-31 December) and spring (20
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March - 20 June) seasons, but had smaller values than CoCoRaHS in the summer (21 June - 21
September) and fall (22 September - 20 December). IMERG values on synoptic days were
overall less than CoCoRaHS measurements during the winter and fall, equal to CoCoRahHS
values in the spring, and had higher values in the summer. Rainfall values via the Southwest
region of IMERG was higher than SS5 on non-synoptic patterns every season with the exception
of fall. IMERG totals were lower than SS5 on synoptic patterns during the winter, spring, and
fall seasons but switched for summer (Figure 5.19).
R, a statistical computing software, was used to determine the correlation between
CoCoRaHS and IMERG. To negate any missing or multi-day data, the two hyphens or asterisk
in the text file were replaced with a -1 value. The correlation between a CoCoRaHS station with
its partnered IMERG region was less than 50% correlated, meaning just over half of the year
rainfall did not agree between the two. Again, the environment driving synoptic and nonsynoptic patterns present a different setup thus different rain rates. IMERG and CoCoRaHS may
over or underestimate the totals from an event. From 2018, there were only one to three months
where IMERG and CoCoRaHS were relatively similar to one another. Next, a correlation was
done between the two CoCoRaHS stations that shared the same IMERG section (SS2 and SS6;
SS3 and SS7). SS3 and SS7 had a 62.5% correlation and SS2 and SS6 had only an 8.3%
correlation. Even if SS3 and SS7 did not have the same precipitation values, it demonstrated the
likelihood of observers from both stations recording on the same day. SS2 and SS6 had such a
low correlation because of the back and forth missing data between the two. A correlation was
done between SS5, SS3, and SS7. After traveling to San Salvador, it was common for it to rain
on one end of the island, but rarely on the other. The correlation was higher than expected with
SS3 and SS5, 48% relatability, and SS5 and SS7, 53% relatability. Compared to IMERG,
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precipitation values between the Southwestern and Northeastern regions of San Salvador was
94.7% correlated. While the comparison between CoCoRaHS was a more accurate example of
rainfall variability over San Salvador, IMERG assumed if it was raining on one end of the island,
it rained on the other.
5.5

Daily precipitation versus annual totals
Out of 365 days, there were 27 rainfall events where at least one day during an event

collected at or over one inch. Over three-fourths of the daily IMERG rainfall for 2018 recorded
less than a tenth of an inch. Daily totals at or greater than a tenth of an inch accounted for less
than 20% of the year at all IMERG sections. Days being at or above one inch contributed to less
than 5% of the year; however, it produced two-thirds of the annual rainfall in all three regions.
(Figure 5.20).
Comparing the number of rainy days per CoCoRaHS station with how much each event
contributed to the annual total was similar to IMERG (Figure 5.21). SS2 had only 60 days where
rainfall totals were at or greater than a tenth of an inch, twelve of those days reported over one
inch of rain. Over 50% of the annual precipitation was from events at or over an inch. SS3
presented 200 days of zero inches of rainfall. Out of 2018, there were 59 days of at least a tenth
of an inch, 14 of those days accumulating at or greater than one inch. The 14 days that
contributed at least one inch of rain provided 51.4% of the annual rainfall for SS3. Out of the
twelve days of rainfall over an inch at SS5, it contributed to 60.9% of the annual rainfall. There
were 151 days where there was zero rain at SS6. Twelve days out of the year recorded at least
one inch of rain. These twelve days contributed to 54.8% of the annual rainfall over SS6. SS7
reported zero rainfall for two-thirds of the year. With a quarter of the days being at a tenth of an
inch or greater, 97.9% of the annual rainfall was contributed from at least a tenth of an inch.
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From this, 16 days recorded one inch or greater which contributed to 51.1% of the year’s annual
rainfall. Like other stations, over half of the annual rainfall contributed were from rainfall events
that recorded at or greater than an inch.
Table 5.1

Weather type classifications
Weather Type
Cold Front

Number of Days
58

Stationary Front
Warm Front
Trough
TC (tropical low-hurricane)
Tropical Wave
Low (Non-Tropical)
Non-Synoptic
Others

46
2
19
4
6
6
223
1 (Non-Synoptic/Stationary)

Daily recordings for 2018 were distributed between synoptic and non-synoptic days and then
sub-categorized if the day was classified as synoptic. The single day in the “other” category had
a high pressure to the east of Grand Bahama Island and a stationary front on the Southeastern
side of The Bahamas within the 500 km radius of San Salvador.

Table 5.2

Spatial Coverage on San Salvador Island
Spatial Coverage
All 5 Stations Zero/T
Local (1 station)
Partial (2 stations)
Partial (3 stations)
Partial (4 stations)
Complete
Incomplete

Days
39
20
17
10
6
13
260

Out of the 365 days in 2018, 105 of those days had all five stations reporting data on the same
day, and the remaining 260 days reported at least one CoCoRaHS station with missing data.
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Table 5.3

IMERG rainfall totals

January
February
March
April
May
June
July
August
September
October
November
December
Totals:

NE

NW

CE

CW

SE

SW

20.89
0.27
0.36
4.35
13.61
1.57
3.15
0.89
7.38
1.15
4.54
1.42
59.58

17.83
0.23
0.38
3.75
14.08
1.05
2.54
0.66
7.91
0.89
4.71
1.38
55.41

19.62
0.32
0.45
3.35
12.06
2.03
3.58
1.25
8.83
0.97
4.35
1.76
58.57

18.74
0.35
0.38
2.93
13.01
1.57
2.67
1.2
8.87
0.97
4.9
1.77
57.36

20.26
0.31
0.36
3.57
12.81
1.93
3.42
1.24
7.64
1.03
3.79
1.73
58.09

18.72
0.34
0.41
3.16
13.12
1.71
3.11
1.21
8.38
0.84
4.35
1.93
57.28

IMERG precipitation values were calculated for each month as well as for 2018 at all six
available grid points. All values are in inches.

Table 5.4

CoCoRaHS rainfall totals

January
February
March
April
May
June
July
August
September
October
November
December

BHS-SS-2
Cockburn Town
8.97
1.43
1.06
1.06
5.62
1.93
1.63
1.29
5.50
2.53
3.79
2.62

BHS-SS-3
GRC
14.03
0.45
0.61
4.65
6.71
3.20
1.40
1.12
6.43
1.01
4.53
4.84

BHS-SS-5
Sandy Point
14.10
1.05
0.44
4.43
10.89
1.00
1.15
1.22
1.85
0.00
4.45
4.03

BHS-SS-6
Victoria Hill
12.59
0.32
0.15
3.46
7.02
0.94
0.65
1.54
8.58
3.85
0.69
4.31

BHS-SS-7
United Estates
12.89
2.28
0.87
5.79
11.46
1.53
1.83
3.04
5.74
1.28
5.69
5.27

CoCoRaHS precipitation values were calculated for each month as well as for 2018. All values
are in inches.
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Figure 5.1

Precipitation variability between the Gerace Research Center (SS3) and United
Estates (SS7)

Two-thirds of the year had similar precipitation accumulations between SS3 and SS7. The
remaining third of the year (74 days) exhibited differences between SS3 and SS7 of at least 0.11
inches.

Figure 5.2

Frequency of Non-Synoptic classification

The number of non-synoptic days were most common during the summer and least common in
the winter.
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Figure 5.3

Frequency of Fronts

Fronts were present throughout the majority of 2018. Stationary and cold fronts were more
common during the winter and spring and least frequent during the summer. Warm fronts in
2018 did not make an appearance until late Fall.

Figure 5.4

2018 IMERG rainfall time series

Three of the six IMERG pixels were used in this study and the 2018 time series for daily IMERG
rainfall: Northeast (pink), Central West (blue), and Southwest (purple) regions.
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Figure 5.5

January 9-13 IMERG rainfall accumulation time series

The January 2018 sample rainfall event was the most anomalous event of 2018. Rainfall totals
varied from approximately 5 inches on the western half and almost 7 inches to the Northeast,
creating about a 2-inch precipitation difference.
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Figure 5.6

18 UTC surface map of January 11

For January 11, any front or synoptic feature was farther than 500 km from San Salvador Island.
The Subtropical High in the Atlantic is closer to the United States which normally supports
suppressed convection. Further analysis needs to be done to consider if this location of the
NASH during the winter is normal.

Figure 5.7

Cloud top temperatures-January 9-13

The left panel shows low cloud top temperatures on GOES-16 Band 13 image from 23 UTC 11
January 2018. These low cloud top temperatures implies stronger convection across the entire
island. The right panel is a time series of hourly cloud-top temperatures averaged over San
Salvador during the January peak rainfall event.
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Figure 5.8

May 6-10 IMERG rainfall accumulation time series

Rainfall totals via IMERG were not as widely scattered as the January sample. IMERG rainfall
totals on the peak rainfall day (May 9 measuring day) showed a difference of 1.5 inches between
the Northeast and Southwest pixels.
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Figure 5.9

18 UTC surface maps for May 8-9

May’s peak rainfall measurement day was in result of a stationary front to the northwest of San
Salvador Island.
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Figure 5.10

Cloud top temperatures-May 6-10

The top left panel shows bursts of convection along a cold front before transitioning to a
stationary front near San Salvador Island. On the top right panel, the front stalls over The
Bahamas, including San Salvador Island. With cloud top temperatures decreasing over the
region, convection strengthens. Because of the deep convection, it is implied the atmosphere near
the line is saturated. The bottom left panel is a time series of hourly cloud-top temperatures
averaged over San Salvador during the May peak rainfall event.
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Figure 5.11

September 1-4 IMERG rainfall accumulation time series

On the September 3 measuring day, rainfall totals across the island differed by more than an inch
between the Northeast and Central West.

Figure 5.12

18 UTC surface maps for September 1-2

The classification on September 1 (September 2 measuring day) was a trough over San Salvador
Island followed by a tropical low on September 2 (September 3 measuring day).
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Figure 5.13

Cloud top temperatures-September 1-4

Cooler cloud tops at 13 UTC September 2 on the left panel shows a burst of convection;
however, the convection was short-lived as the tropical wave continued to move northwest closer
to Miami. The right panel is a time series of hourly cloud-top temperatures averaged over San
Salvador during the September rainfall event.

Figure 5.14

November 23-25 IMERG rainfall accumulation time series

IMERG rainfall estimates ranged from 1.5 inches in the Southwest and just over 3 inches in the
Northeast for the November 23 recording.
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Figure 5.15

November 23-25 classification and cold cloud top temperatures

The top left panel is a still frame of GOES-16 Band 13 at 00 UTC 21 November. Convection
remained limited throughout most of the rainfall event. Using surface analyses, top right panel, it
was possible to locate the cold fronts that impacted the island. On the bottom left panel, the 18
UTC surface map on November 23 was classified as a cold front. The bottom right panel is a
time series of hourly cloud-top temperatures averaged over San Salvador during the November
peak rainfall event.
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Figure 5.16

Driving factors of rainfall days greater than one inch

The 27 events that produced at least one inch of rainfall for 2018 was distributed into the
classification in which produced said rainfall.
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Figure 5.17

2017-2019 January IMERG rainfall accumulations

A time series was produced of daily IMERG rainfall as measured from 7am the previous day to
7am on the current day for the month of January in (a) 2017, (b) 2018, and (c) 2019. Maximum
daily rainfall was below one inch in both January 2017 and 2019 but above seven inches in
January 2018.
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Figure 5.18

IMERG rainfall in relation to CoCoRaHS

The bars in each graph show the total precipitation measured per month. The lines in each graph
show the IMERG percentage of CoCoRaHS. The IMERG percentages are computed using only
the days when the CoCoRaHS stations had observations. In other words, missing days are
excluded even though IMERG had observations every day.
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Figure 5.19

Sample comparison of IMERG rainfall in relation to CoCoRaHS

The line graphs show the IMERG percentage of CoCoRaHS via the 291-day subset. The IMERG
percentages are computed using only the days when the CoCoRaHS stations had observations.
The line graph on the left compares the Northeast region to SS7, Southwest and SS5 on the right.
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Figure 5.20

Number of days per IMERG precipitation value versus the contribution of IMERG
precipitation to total rainfall

The 2018 IMERG data was sectioned into four bins: zero inches, T-0.09 inches, 0.1-0.99 inches,
and one or more inches. The pie charts on the left are the number of days throughout the year
each range occurred in each region: (a) Northeast IMERG, (b) Central West IMERG, (c)
Southwest IMERG. Pie charts on the right show how much each range contributed to the annual
precipitation across each region of San Salvador.
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Figure 5.21

Number of days per CoCoRaHS precipitation value versus the contribution of
CoCoRaHS precipitation to total rainfall

The 2018 CoCoRaHS data was sectioned into five bins: zero inches, T-0.09 inches, 0.1-0.99
inches, one or more inches, and missing. The pie charts on the left are the number of days
throughout the year each range occurred in each region: (a) SS2, (b) SS3, (c) SS5, (d) SS6, (e)
SS7. Pie charts on the right show how much each range contributed to the annual precipitation
across each region of San Salvador.

59

Figure 5.21 (continued)
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CHAPTER VI
CONCLUSIONS
There were three main objectives with this research. The first objective was to quantify
rainfall between individual CoCoRaHS stations across the island and between CoCoRaHS
stations and IMERG estimates spatially and temporally. There were 260 days where at least one
CoCoRaHS station did not record data, limiting the ability to fully quantify the annual rainfall
for San Salvador Island. Stations in the northeast region of the island recorded almost year-long,
therefore quantifying the best representative annual rainfall for the island. Other observers either
left the island or forgot to record. Rainfall values for IMERG overall trended to be higher than
CoCoRaHS values from May through September because IMERG daily rainfall was an
estimation over a 0.1° x 0.1° pixel. The second objective was to use measurements via
CoCoRaHS and IMERG to explore San Salvador’s 2018 annual precipitation pattern. Regardless
of the lack of data, it was still possible to explore the island’s precipitation patterns for 2018 due
to the use of both CoCoRaHS and IMERG values. San Salvador in 2018 had multiple dry and
wet seasons with the most anomalous month being January, which is considered to be a part of
the dry season. The last objective was to begin exploring whether San Salvador itself provides
sufficient forcing to trigger local convective development or if the island’s rainfall depends on
larger-scale weather systems. With only one year of data, it cannot be fully determined if San
Salvador does or does not provide sufficient forcing to trigger local convection on the island or if
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it relies on synoptic-scale patterns. However, with 2018, we start the basis of determining if what
was shown in 2018 was true for multiple years or if it was a rarity.
Values for this one-year study aligned in close distribution of previous works (e.g.,
Gamble and Jordan 2004; Gamble 2010). Gamble and Jordan analyzed spatial variability per
month between 2001 and 2003 while the Gamble (2010) study looked at daily data from 20012006. Both previous works in addition to this study had missing data within the sample. With the
two previous studies using a tipping rain bucket while this study used manual rain gauges, all
three determined non-synoptic days were the most frequent during each temporal period. The
numbers of fronts impacting San Salvador Island within the 500 km radius was quantified in this
study; however, the amount of rainfall contribution from each weather type was not calculated.
Both previous studies quantified the total rain accumulation between each storm type, its average
rainfall per type and duration.
This study used both CoCoRaHS and IMERG data to explore rainfall contributions from
synoptic patterns versus non-synoptic (convective) patterns on San Salvador Island. The
advantage of using CoCoRaHS and IMERG means any gaps from CoCoRaHS is overlaid with
IMERG estimates; however, both datasets for 2018 did not show a true one-year representation
of San Salvador’s precipitation accumulation. There were limitations within each dataset that
inhibited consistent and accurate recordings. CoCoRaHS was the ground truth for the 2018
rainfall measurements; however, the annual total at each station was less representative when
rainfall was not recorded consistently. This played less into effect on the northeast region of the
island but more-so for observers on the western edge that are seasonal residents or limit
recordings during business hours. If any of the gauges were left unkempt, algae would build
inside the gauge or bugs would sneak in, which would disrupt the rain totals for that location.
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The six IMERG pixels included San Salvador Island and the ocean. Over-ocean and over-land
rainfall totals in each pixel were blurred together, creating estimated totals that would overall be
larger than in situ totals during half of the year.
This study showed that the primary sources of 2018 rainfall were synoptic patterns, many
of which produced at least one inch of rain. However, convection that occurred when synoptic
features were absent also contributed to San Salvador’s annual precipitation. Out of the 27
rainfall events that produced at least one inch of rainfall, less than half were non-synoptic. With
only one year of data, it is difficult to confirm whether San Salvador relies on synopticallydriven systems for its rainfall. However, it can be inferred that San Salvador receives more than
half of its annual rainfall from larger-scale patterns, but summertime convective precipitation
does contribute to the island’s annual precipitation. Using daily accumulations that end at 7am
on the given date of the observation, 2018 did not appear to have a well-defined bimodal
distribution, potentially due in part to the well-above average rainfall in January. Via IMERG,
there were individual months with peaks, but it did not exhibit a double bell-curved shape similar
to a bimodal distribution but instead looked more randomly distributed. Precipitation per month
via CoCoRaHS, again ignoring January, had a more bimodal distribution with two rainy periods
separated by a dry period (Figure 6.1).
Aquifers rely on rare events that produce several inches of rain to refill. Having rain
gauges set up near the coast allows observers studying rainfall distribution in relation to aquifer
recharge to see how much rain fell over that area. Using multiple years of CoCoRaHS data will
acquire a trend of wet and dry months on the island, thus concluding when the best time for
residents to extract rainfall from aquifers may be. If residents use a household or communal
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water catchment system like neighboring islands, acquiring freshwater becomes more obtainable
all while avoiding the risk of overusing an aquifer.
Based on these initial conclusions, further research can be done with additional years of
CoCoRaHS and IMERG to determine a few factors. With several more years of data, it may be
easier to determine how heavily San Salvador relies on synoptic patterns for its annual rainfall
versus how much rainfall the island receives through localized convection. Gamble (2010)
mentions the abundance of non-synoptic days, primarily that obtain to rainfall, could be due to a
meso-scale atmospheric circulation near or on the island itself. Therefore, future work can be
done to explore the primary driving factor(s) of non-synoptic rainfall. Future work can focus on
the events that produced less precipitation, such as those that accumulated less than half an inch.
Since the study examined only one year, it did not explore the influence of teleconnections and
the North Atlantic Subtropical High, meaning future work should include enough years to assess
the potential impacts of these phenomena. Additional years could provide context for how
anomalous the January 2018 event was. With more years that rely on the same analysis methods,
future studies could provide information of use to local resource managers on the island for
handling their water supply.
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Figure 6.1

Precipitation per month

Rainfall totals over (a) each IMERG region and (b) each CoCoRaHS station were calculated
monthly to determine if rainfall over San Salvador Island in 2018 represented a bimodal
distribution or was non-structured.
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